Introduction
The regulated movement of cells is crucial to development and normal physiology and contributes to pathological processes such as invasion and metatasis in cancer (Geho et al., 2005; Webb et al., 2002) . Movement involves the formation and remodeling of structures including focal adhesions (FAs), actin stress fibers (SFs), filopodia and lamellipodia (Schwartz andARAP2 regulates actin structures (Randazzo and Hirsch, 2004; Turner et al., 2001) . Twenty-four genes encoding proteins with an ArfGAP domain have been identified. Three types of ArfGAPs have been implicated in the regulation of the actin cytoskeleton. One ArfGAP, GIT, binds to paxillin and is thought to function as a scaffold at FAs (de Curtis, 2001; Turner et al., 2001) . Another ArfGAP, ASAP1, binds to Src, focal adhesion kinase (FAK) and CrkL, three proteins important to FA function and cell motility (Brown et al., 1998; Liu et al., 2002; Liu et al., 2005; Oda et al., 2003) and associates with and regulates FAs (Randazzo et al., 2000b; Liu et al., 2002; Liu et al., 2005; Furman et al., 2002) . The ARAPs are a third type of ArfGAP implicated in the regulation of actin and cell motility (Stacey et al., 2004; Miura et al., 2002; Krugmann et al., 2002) .
There are three genes for ARAPs, ARAP1, ARAP2 and ARAP3. The first two were identified by homology with other ArfGAPs (Miura et al., 2002) . ARAP3 was identified in a screen for phosphatidylinositol (3, 4, 4, 5 )P3]-binding proteins (Krugmann et al., 2002) and in a screen for proteins phosphorylated by Src (Stacey et al., 2004) . The ARAPs have a complex domain structure (Fig.  1A) , including a sterile ␣-motif (SAM) at the extreme Nterminus, five PH domains, ArfGAP, RhoGAP and Rasassociation (RA) domains. Characterization of ARAP1 and ARAP3 has been reported (Krugmann et al., 2002; Stacey et al., 2004; Miura et al., 2002) . Both have PtdIns(3,4,5)P3-dependent ArfGAP activity and overexpression of either protein alters the organization of the actin cytoskeleton. ARAP1 is associated with the Golgi complex, whereas ARAP3 is cytosolic with some association with the cell edge.
Here, we report the characterization of a third ARAP protein, ARAP2. One feature that distinguishes ARAP2 from other ARAPs is that it contains a glutamine in place of the arginine thought to be crucial for RhoGAP activity. We found that, rather than functioning as a RhoGAP, ARAP2 binds RhoA and mediates at least part of RhoA function in the formation of FAs. Fig. 1A ) but is distinguished in that the RhoGAP domain contains a glutamine in place of the arginine that is presumed to be catalytic. Here, we have characterized the biochemical properties of the two GAP domains in ARAP2.
Results

ARAP2 is similar to ARAP1 and ARAP3 in that it contains both ArfGAP and RhoGAP domains (Schematic in
ArfGAP activity of ARAP2
To examine the ArfGAP domain of ARAP2, a recombinant protein comprising the domains PH1, PH2, ArfGAP and ANK repeats of ARAP2 (amino acid residues 467-930) was expressed in HEK 293 cells and purified by immunoprecipitation or by immunoprecipitation followed by affinity purification on a PtdIns(3,4,5)P 3 column (Fig. 1B) . Similar results were obtained with either preparation. First, ARAP2 was titrated into reactions containing a mixture of phospholipids that supported optimum activity, such as phosphatidic acid (PA), phosphatidylinositol (4,5)-bisphosphate [PtdIns(4,5)P 2 ] and PtdIns(3,4,5)P 3 , and either Arf1, Arf5 or Arf6 to identify the most efficient substrate (Fig.  1C) . Arf6 was the preferred substrate over Arf5 and Arf1, although there was activity with all three proteins. For other ArfGAPs, an arginine within the ArfGAP domain was crucial for activity. A mutant with lysine in place of arginine 728 had no detectable activity (not shown).
The lipid dependency of the GAP activity of ARAP2 was determined using Arf6 as a substrate (Fig. 1D,E) . Of the phospholipids examined, greatest activation was seen with PtdIns(3,4,5)P 3 and PtdIns(4,5)P 2 (Fig. 1D ). Phospholipids presented in combination stimulated GAP activity to a greater extent than phospholipids presented alone. For instance, the presence of 10 M PtdIns(4,5)P 2 decreased the requirement of PtdIns(3,4,5)P 3 for activity by approximately fivefold (Fig.  1E) .
To define Arf specificity in intact cells, the effect of overexpression of ARAP2 on the localization of Arf1, Arf5 and Arf6 in U118 glioblastoma cells was determined (Fig. 1F) . In non-transfected cells (i.e. with endogenous levels of ARAP2), Arf1 was found in a perinuclear distribution characteristic of the Golgi complex. Arf5 was diffusely distributed, with a fraction at or near the plasma membrane. The distribution of Arf1 and Arf5 was not detectably different in cells overexpressing ARAP2 compared with cells expressing only endogenous protein. By contrast, Arf6, which is normally associated with the plasma membrane, was shifted from the cell edge. A point mutant of ARAP2 ([R782K]ARAP2) lacking GAP activity did not affect the distribution of Arf6 to the same extent but, instead, colocalized with Arf6 at the cell edge. The effects of ARAP2 on Arf6 distribution were quantified by measuring signal intensity in 50ϫ10 pixel rectangles drawn over the cell edge or inside the cell border, not including the edge. The values were consistent with the qualitative assessment (see Table 1 ).
As a second test for Arf specificity, U118 glioblastoma cells overexpressing ARAP2 with different Arf isoforms were treated with tetrafluoroaluminate (AlF 4 ), which stabilizes a complex of Arf-GDP with ArfGAPs (Klein et al., 2005; Jackson et al., 2000; Nie et al., 2006 ) (Luo and P.A.R., manuscript in preparation). In cells coexpressing Arf6 and ARAP2, Arf6 is not associated with the cell edge. Upon treatment with AlF 4 , Arf6 was found at the cell edge colocalized with overexpressed ARAP2 (Fig. 1G , right group of panels). Arf1 and Arf5 were not affected (Fig. 1H) .
The effect of ARAP2 on in vivo levels of activated Arfs was also determined (Fig. 1I) . In these experiments, Arf1 and Arf6 were coexpressed with ARAP2, Arf1-specific AGAP1 or Arf6-specific ACAP1. Cells were lysed, activated Arf was coprecipitated with GST-GGA and precipitated Arf was detected by immunoblotting as described (Santy and Casanova, 2001; Yoon et al., 2005) . ARAP2 overexpression caused a reduction in Arf6-GTP levels but had no effect on Arf1-GTP. As anticipated, Arf1-GTP levels were reduced by the Arf1GAP AGAP1 and Arf6-GTP levels were reduced by ACAP1. On the basis of these results, we conclude that ARAP2 is an Arf6-specific GAP.
ARAP2 interaction with Rho family proteins
The RhoGAP domain of ARAP2 lacks the catalytic arginine residue that is crucial for activity in all other RhoGAPs so far examined. To determine whether ARAP2 retains GAP activity for the Rho family GTP-binding proteins RhoA, Rac1 and Cdc42, we first measured activity in an in vitro assay. Although we were able to detect GAP activity against Cdc42 with the 
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positive control ARAP1, we did not detect activity using a recombinant protein consisting of PH3, PH4, RhoGAP and RA domains of ARAP2 with Cdc42 ( Fig. 2A) , Rac1 or RhoA (not shown) as a substrate. We then examined the effect of overexpressing ARAP2 on RhoA-GTP, Rac1-GTP and Cdc42-GTP levels in cells using GST-Rhotekin-RBD to precipitate RhoA-GTP (Fig. 2B,E) and GST-PAK-RBD to precipitate Cdc42-GTP (Fig. 2C ) and Rac1-GTP (Fig. 2D) . In these experiments, p190RhoGAP (Settleman et al., 1992) was used as a positive control for RhoA. With the two proteins expressed to similar extents, p190RhoGAP reduced RhoA-GTP levels, whereas ARAP2 overexpression increased the levels of RhoA ( Fig. 2B,E) and had no detectable effect on Rac1 or Cdc42 (Fig. 2C,D) . Overexpression of the mutant [R728K]ARAP2, which lacks ArfGAP activity, also increased RhoA-GTP levels (Fig. 2E ). On the basis of these results, we conclude that ARAP2 lacks RhoGAP activity.
Given the precedent of other proteins with GAP domains that do not have GAP activity but do bind Rho family proteins (Faucherre et al., 2003; Zheng et al., 1994) , the ability of ARAP2 to bind to RhoA, Rac1 and Cdc42 was determined. HEK 293 cells were co-transfected with plasmids directing the expression of Flag-tagged ARAP2 and either RhoA, Rac1 or Cdc42, each containing the AU5 epitope tag. The cells were lysed and protein immunoprecipitated through the Flag epitope. In addition to ARAP2, precipitates contained RhoA but not Rac1 or Cdc42 (Fig. 2F) .
To determine whether RhoA binding to ARAP2 is dependent on the nucleotide bound to RhoA, GST-RhoA adsorbed to glutathione beads was loaded with GTP␥S or GDP␤S. The immobilized RhoA was then incubated with lysates of cells expressing ARAP2 and precipitated by centrifugation. The amount of ARAP2 that precipitated with RhoA was determined by immunoblotting. As shown in Fig. 2G , ARAP2 was detected in precipitates containing GST-RhoA-GTP␥S but little or none was present in precipitates with either GSTRhoA-GDP␤S or GST alone.
ARAP2 has several domains that could bind to RhoA, including the RA domain and the RhoGAP domain. To determine which site binds RhoA, we expressed recombinant proteins comprising isolated domains of ARAP2 in HEK 293 cells. Lysates of these cells were mixed with GSTRhoA-GTP␥S, proteins were precipitated with glutathione beads and the presence of recombinant ARAP2 in the precipitates was detected by immunoblotting (Fig. 2H) . We found that the isolated RhoGAP domain precipitated with GST-RhoA-GTP␥S. Little or no protein containing the RA domain or a protein comprising PH1, PH2, ArfGAP and Ank repeat domains was detected in the precipitates. We next introduced a mutation into ARAP2 that would result in incorporation of a proline in place of lysine 1190. Based on homology modeling of the RhoGAP domain, switch I and switch II of RhoA fit into a slot formed by two ␣-helices of the RhoGAP domain (Fig. 2K) (Rittinger et al., 1997a; Rittinger et al., 1997b) . Lysine 1190 of ARAP2 is within one of the ␣-helices and is in contact with aspartate 65 in switch II of RhoA. A proline in position 1190 would disrupt this interaction and introduce a kink into the helix, further disrupting the Journal of Cell Science 119 (22) intramolecular contact. Whereas the mutant of ARAP2, [R728K]ARAP2, precipitated as efficiently as wild-type ARAP2 (Fig. 2I ), [K1190P]ARAP2 did not bind to RhoA-GTP, supporting the idea that the RhoGAP domain mediates binding (Fig. 2J ).
ARAP2 affects focal adhesion and stress fibers
To identify the site of ARAP2 action, we first determined the localization of endogenous ARAP2 by immunostaining (see Cells expressing Arf6-HA with or without Flag-ARAP2 were immunostained for Arf6 and ARAP2. Images were obtained by confocal microscopy. Three to four regions of interest (ROI) were assigned on the membrane and nearby cytoplasm for each cell analyzed. The pixel size of all ROIs was the same, 50ϫ10 pixels. The mean ± standard deviation of the ratio of fluorescence intensity at the edge to the intensity in the cytoplasm is presented. Materials and Methods for characterization of the antibodies raised). In the cell lines that we examined, including U118 (glioblastoma), MCF7 and MDA-MB-231 (mammary carcinoma) endogenous ARAP2 was at the cell edge and on the ventral surface in linear structures where it colocalized with the focal adhesion components paxillin (Fig. 3A) and vinculin (shown for U118 cells in Fig. 5 ). When overexpressed, ARAP2 was diffusely distributed throughout the cell; however, at lower expression levels the exogenous protein could be detected at the cell edge and in linear structures with paxillin (Fig. 3B) .
Given the association of ARAP2 with FAs, we considered the possibility that ARAP2 affects the formation of these adhesive structures. As an initial test, we examined the effect of changing ARAP2 expression levels on the rate of cell spreading on fibronectin (Fig. 4A) . Overexpression of FlagJournal of Cell Science 119 (22) tagged ARAP2 in U118 glioblastoma cells reduced the rate of spreading. By contrast, cells, in which ARAP2 expression was reduced by transfection with small interference RNA (siRNA), spread more rapidly than the untransfected control cells.
We next determined whether changing expression levels of ARAP2 affected cytoskeleton markers. U118 cells either expressing epitope-tagged ARAP2 or reduced levels of ARAP2 were examined (Fig. 5A) . Overexpression of ARAP2 in U118 cells had no detectable effect on the distribution of either vinculin or phosphotyrosine. SFs were present. Paxillin was present in FAs with vinculin but was also diffusely distributed around the nucleus. By contrast, in cells with reduced ARAP2 expression, paxillin, vinculin and phosphotyrosine labeling was reduced and redistributed to the cell edge in structures resembling focal contacts. Moreover, actin SFs were not observed; instead, actin was concentrated at the cell cortex. Similar results were obtained with MDA-MB-231 and MCF7 cells (not shown). These effects on actin SFs and FAs were also observed when ARAP2 expression was reduced with a different pool of siRNA in the U118 cells (not shown). The effects of siRNA for ARAP2 on actin SFs and FAs could be reversed adding an expression vector for ARAP2 resistant to siRNA (ARAP2 levels, as determined by immunoblotting, are shown in Fig. 5B , effects on cell morphology are shown in Fig. 6A,B) .
The role of ArfGAP activity in supporting cytoskeleton changes was determined. First, a point mutant lacking ArfGAP activity, [R728K]ARAP2, was overexpressed in U118 cells. It was found to disrupt SFs and FAs (Fig. 6A,B) . Furthermore, it did not reverse the effect of lowering endogenous ARAP2 expression (Fig. 6A,B) . We also examined the effect of expressing constitutively active [Q67L]Arf6 in U118 cells. This Arf mutant is effectively 'GTP-locked'. Expression of the mutant could mimic some of the effects of decreasing ARAP2 expression. We found that overexpression of wild-type Arf6 had no detectable effect on SFs but expression of [Q67L]Arf6 resulted in a decrease in SFs similar to that seen with reduction of ARAP2 expression or activity (Fig. 6C) . Similar results were obtained with HeLa cells using a fast cycling mutant, [T157A]Arf6 (Santy, 2002) , which is also preferentially GTPbound (not shown).
Formation of SFs also depended on the ability of ARAP2 to bind RhoA-GTP. Overexpression of the point mutant that did not bind RhoA, [K1190P]ARAP2, had no effect on SFs or FAs in cells containing wild-type endogenous ARAP2 and did not rescue the phenotype induced by lowering endogenous ARAP2 expression (Fig. 6A,B (Fig.  6D ).
ARAP2 and ROK have differential effects on stress fiber and focal adhesion formation Rho-kinase (ROK␣) has been implicated in the formation of FAs and SFs (Amano et al., 1997; Kimura et al., 1996; Leung et al., 1996) . To understand the relationship of the putative effector ARAP2 to this established effector, we expressed ROK␣ in cells with reduced ARAP2 expression. We found that, although SFs were formed, they were disorganized (Fig.  7A ). In addition, the cells did not recover FAs (Fig. 7B) . We also expressed constitutively active ROK ([1-478]ROK) in cells treated with siRNA to reduce levels of ARAP2 (Fig. 7C) . The cells still formed stellate stress fibers (not shown) but the number of focal adhesions formed (7±1.4 per cell; quantified as described in Materials and Methods) was less than in cells not treated with siRNA (17±4; P<0.05) (Fig. 6C ). Cells treated with the ROK inhibitor Y27632 (Ishizaki et al., 2000) lacked SFs and FAs (Fig. 7C,D) . Increased expression of ARAP2 did not reverse the effect of the drug on these structures (Fig. 7C,D) but did result in the formation of punctate coalescences of paxillin with ARAP2 in 76±3% of the cells (Fig. 7D) . We did not detect these paxillin-containing pucta in the control cells treated with Y27632.
Discussion
The ARAPs are a recently described subset of ArfGAPs that share a common domain organization. Each of the three ARAPs contains an N-terminal SAM domain, an ArfGAP domain, a pair of ankyrin repeats, a RhoGAP domain, an RA domain and five PH domains. Different from ARAP1 and ARAP3, the RhoGAP domain of ARAP2 lacks the catalytic arginine residue characteristic of all other known RhoGAPs and, therefore, was predicted to lack RhoGAP activity. Here, we confirm that ARAP2 indeed lacks RhoGAP activity, but we also found that it binds RhoA-GTP through the RhoGAP domain. Furthermore, ARAP2 expression contributes to the assembly of both SFs and FAs. The function of ARAP2 in this context is dependent on both its interaction with RhoA and its ArfGAP activity, which we found is specific for Arf6.
ARAP1 and ARAP3, which are structurally similar to ARAP2, have previously been found to affect the actin cytoskeleton. ARAP1 is an Arf1/Arf5 GAP in vitro. Consistent with this Arf specificity, ARAP1 is localized to the Golgi complex and overexpression causes redistribution of the Golgi (siRNA) were trypsinized from plastic flasks, triturated and reseeded on coverslips coated with a solution of 10 g/ml fibronectin. Cells were fixed at the indicated times and stained for paxillin and either endogenous ARAP2 or Flag epitope. The cells were then examined by confocal microscopy. To quantify the cell spreading at the indicated time, fluorescent images of 50 randomly selected cells were captured using 20ϫ 1.4 NA objectives and surface areas were determined using ImagePro ® Plus 5.1 software package. Values are the mean ± standard error of the mean from two independent experiments. (B) Relative ARAP2 levels after siRNA treatment of U118 cells. Cells were either mock-transfected, or transfected with a control siRNA or siRNA targeting ARAP2 as indicated. Three days after transfection, the cells were lysed and analyzed by immunoblotting with specific antibodies to ARAP2. marker p58 (Miura et al., 2002) . ARAP1 also has an active RhoGAP domain. ARAP1 overexpression causes cell rounding and loss of SFs, consistent with a RhoA-specific GAP activity (Miura et al., 2002) . ARAP3 is diffusely distributed in cells, with a fraction of the protein associated at the cell periphery and in membrane ruffles (Krugmann et al., 2002; Stacey et al., 2004) . Arf specificity has not been unambiguously established (Krugmann et al., 2002; Krugmann et al., 2006; Stacey et al., Journal of Cell Science 119 (22) 2004). Overexpression of ARAP3 causes a loss of SFs in PAE cells, and cell rounding in HEK 293 cells.
ARAP2 is the third ArfGAP found to be associated with FAs, a localization that distinguishes ARAP2 from both ARAP1 and ARAP3. The other two ArfGAPs in FAs are ASAP1, and GIT1 and GIT2 (Turner et al., 2001; de Curtis, 2001; Randazzo and Hirsch, 2004) . Each of these ArfGAPs appears to have a different function. ASAP1 and ARAP2 (B) ARAP2 protein levels in cells transfected with siRNA and siRNA-resistant plasmids. U118 cells were transfected with siRNA directed to the 3ЈUTR of the ARAP2 message and plasmids directing expression of the indicated proteins. Cell lysates were analyzed by immunoblotting using antiserum (1185) raised against ARAP2 and an antiFLAG antibody. Bars, 10 m. ARAP2 regulates actin appear to be antagonists. ASAP1 overexpression causes paxillin to dissociate from FAs and induces the formation of focal complexes (Randazzo et al., 2000b; Liu et al., 2002; Liu et al., 2005) . GIT1 and GIT2 appear to function as signaling scaffolds, directly binding both paxillin and the Rac GEF ␤-PIX (Turner et al., 2001) . Given that multiple ArfGAPs with unique Arf specificities associate with FAs, it is likely that multiple Arf proteins function in regulating the dynamics of FAs.
Examination of the Arf specificity of ARAP2 indicated a preference for Arf6 as a substrate. In vitro, Arf6 was a slightly better substrate than Arf5 and was much better than Arf1. In vivo experiments confirmed this substrate specificity: (1) overexpression of ARAP2 induced redistribution of Arf6, but not Arf1 or Arf5; (2) AlF 4 induced colocalization of ARAP2 with Arf6 but not Arf1 or Arf5 and; (3) direct measurement of Arf-GTP levels using a GGA3 pull-down assay indicated a preference for Arf6 in vivo.
These results are consistent with the well-established role for Arf6 in cytoskeletal regulation. Arf6 was the first Arf found to be involved in the regulation of actin cytoskeleton dynamics in work examining actin-rich protrusions in HeLa cells (Radhakrishna et al., 1996) . Arf6 activity was subsequently found to be necessary for Rac1-dependent plasma membrane ruffling and phagocytosis (Donaldson, 2003; Radhakrishna et al., 1999; Zhang et al., 1998; Palacios and Souza-Schorey, 2003) , as well as cell spreading (Song et al., 1998; Dunphy et al., 2006) . The inhibitory effect of ARAP2 overexpression on cell spreading is consistent with these previous observations. Particularly relevant to a potential mechanism by which ARAP2 may affect FA formation, Arf6 has been found to influence the trafficking of integrins Powelka, 2004; Dunphy et al., 2006) .
Our data are consistent with the speculation that ARAP2 functions as a RhoA effector rather than a RhoA GAP. An important difference between ARAP2 and the other ARAPs is that ARAP2 lacks RhoGAP activity. The ability of both ARAP1 and ARAP3 to alter cytoskeletal organization is dependent upon their RhoGAP activity (Krugmann et al., 2002; Miura et al., 2002) . We found that ARAP2 does bind RhoA in preference to Cdc42 and Rac, and that binding was mediated by the RhoGAP domain. This result led us to hypothesize that ARAP2 can function as a Rho effector. Consistent with this hypothesis, reduced expression of ARAP2 results in loss of FAs and SFs even in the presence of constitutively active RhoA. Restoration of FAs and SFs required both RhoA-GTP binding and ArfGAP activity.
We also examined how ARAP2 integrates with Rho effectors with an established role in FA formation. The effects of RhoA on the actin cytoskeleton have been thought to rely primarily on actin polymerization and the contraction of actin fibers mediated by mDia, ROK␣ and PtdIns(4,5)P 2 Ridley, 2001) . Among these, ROK␣, like ARAP2, affects both SFs and FAs Ridley, 2001) . We found that neither ARAP2 nor ROK␣ overexpression could completely compensate for the loss of the other protein in the formation of SFs and FAs. ROK␣ could induce SFs but was inefficient in inducing FAs in cells with reduced ARAP2 expression. Conversely, ARAP2 overexpression did not restore either SFs or FAs formation in cells in which ROK activity was inhibited. However, punctate concentrations of paxillin, absent when cells were treated with the ROK inhibitor, were observed when ARAP2 was overexpressed.
How do ARAP2 and its substrate Arf6 function to control FA and SF assembly? We speculate that Arf6 controls the trafficking of integrins into and/or out of FAs. Results of recent work examining Arf6 and the Arf6-specific GEF BRAG2 are consistent with a role for Arf6 in integrin endocytosis and recycling (Dunphy et al., 2006) . Thus, RhoA, by binding to ARAP2, could regulate Arf6-dependent trafficking of FA proteins including integrins with targeting to a restricted membrane locus. The resulting concentration of FA elements could serve as a nidus to drive the formation of FAs. Actin polymerization and tension on the resulting SFs contribute to these events, but could be independently regulated by mDia and ROK␣. Such a model does not exclude additional coordinating mechanisms for actin polymerization and FA formation including, for instance, phosphorylation of ARAP2 by ROK␣.
In summary, we report that ARAP2 mediates RhoA effects on SFs and FAs in a manner that is strictly dependent on its activity as an Arf6-specific GAP. We speculate that ARAP2 affects the trafficking and/or organization of FA component proteins. However, additional work is needed to define the role of Arf6 in this context. and an expression vector for p190RhoGAP was a generous gift from Sarah Parsons (University of Virginia at Charlottesville, VI). Bacterial expression vectors for HisCdc42, His-RhoA and His-Rac1 were generous gifts from Yi Zheng (Childrens Hospital, Cincinatti, Ohio). A plasmid for the expression of VHS-GAT of GGA3 fused to GST has been described (Puertollano et al., 2001; Santy and Casanova, 2001 ).
Materials and Methods
Plasmids
Antibodies and reagents
Rabbit anti-ARAP2 antisera were raised against the synthetic peptides RSRTLPKELQDEQILK, residues 1689-1704 of ARAP2 (antisera 1185), and ANVHKTKKNDDPSKDY, residues 78-93 of ARAP2 (antisera 1187), conjugated by an N-terminal cysteine to maleimide-activated KLH (Pierce Biotechnology, Inc., Rockford, IL) at Covance Research (Princeton, NJ). The antisera recognized recombinant ARAP2. The results using antiserum raised to residues 1689-1704 of ARAP2 is shown (positive control, Fig. 8A ). A protein with a molecular mass of 190 kDa co migrating with recombinant ARAP2 was detected by immunoblotting in lysates from five of seven cell lines examined (Fig. 8A) . The signal was blocked by incubating the serum with the peptide to which the antibody was raised; however, the antiserum yielded a signal at ~250 kDa that was also blocked by the peptide. We therefore treated two cell lines with siRNA targeting ARAP2 to obtain further evidence that the band detected at 190 kDa was endogenous ARAP2. In both cases, only the band at ~190 kDa was diminished (Fig. 8B) . We also tested the antiserum for suitability in immunofluorescence microscopy. A fluorescent signal was obtained at the cell edge and in linear structures behind the cell edge that colocalized with paxillin (Fig. 8C) . This signal was blocked with the peptide to which the antiserum was raised. More importantly, the immunofluorescence (IF) signal was greatly diminished by siRNA treatment indicating that the primary protein recognized by IF was the 190-kDa species seen by immunoblotting. To further test whether the signal observed in focal adhesions was from ARAP2, both antisera (1185 and 1187) were affinity-purified using the peptides against which the antibodies were raised with a purification kit from Pierce (Rockford, IL). Although affinity purification of 1185 did not remove the signal at 250 kDa, both affinity purified antisera, 1185 and 1187, recognized a band at 190 kD by immunoblotting (Fig. 8C) . In addition, colocalization of a signal with paxillin was observed when either affinity purified antibody was used for immunoblotting (Fig. 8D) . Taken together, these results are consistent with ARAP2 localizing with FAs and also indicate that either antibody was suitable for following ARAP2 in these structures.
Monoclonal M5 anti-FLAG epitope Ab, M2 anti-FLAG affinity matrix, monoclonal anti-Vinculin Ab were purchased from Sigma-Aldrich (St Louis, MO). Monoclonal anti-hemagglutinin (HA) Ab was from Roche Molecular Biochemicals (Indianapolis, IN) and polyclonal anti-FLAG Ab was from Rockland Immunochemicals (Gilbertsville, PA). Polyclonal anti-AU5 and anti-HA Abs were obtained from Covance. Rhodamine-conjugated phalloidin was purchased from Molecular Probes (Carlsbad, CA). Monoclonal anti-Paxillin Ab was from BD Biosciences, Transduction Laboratories (Franklin Lakes, NJ), anti-phosphotyrosine (4G10) was from Upstate Biotechnology (Lake Placid, NY), Fluorescein-or Texas Red-conjugated secondary Abs were purchased form Jackson Immunoresearch (West Grove, PA). Horseradish-peroxidase-conjugated anti-mouse IgG and antirabbit IgG were from Bio-Rad Laboratories (Hercules, CA). Phosphatidic acid and PtdIns(4,5)P 2 were from Sigma-Aldrich. Phosphatidylinositol (3)-phosphate Journal of Cell Science 119 (22) [PtdIns(3)P] was from Biomol (Plymouth Meeting, PA). PtdIns(3,4,5)P 3 , phosphatidylinositol (3,5)-bisphosphate [PtdIns(3,5)P 2 ], and phosphatidylinositol 3,4-bisphosphate [PtdIns(3,4)P 2 ] were purchased from Calbiochem (San Diego, CA).
Cell culture and transfection
Cells were maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum, 100 U/ml penicillin, and 100 g/ml streptomycin (Invitrogen, Carlsbad, CA) at 37°C with 5% CO 2 . Cell transfection was performed using FuGENE6 reagent in accordance with the manufacturer's instructions for plasmid DNA (Roche). For RNAi assays, 19-nucleotide siRNA duplexes with 3Ј-UU overhangs specific for the 3Ј-untranslated region (3Ј-UTR) (5Ј-GUAAGAAG-ACAUUGGGUUAUU-3Ј) and the open reading frame (ORF) (SmartPool) of human ARAP2 (GenBank accession number NM_015230) were purchased from Dharmacon Inc. (Lafayette, CO). The siRNA targeting the UTR was used for all experiment shown. Use of this particular RNA allowed rescue using plasmids containing the open reading frame. Experiments confirming the effect of ARAP2 expression reduction on SFs and FAs were also performed with siRNA targeting the ORF. A scrambled siRNA was used as a negative control (siCONTROL nontargeting siRNA no. 1, Dharmacon). For transfection, U118 glioma cells were seeded in six-well plates and allowed to reach 40% confluence. After 24 hours, cells were transfected with 100 nM siRNA with Oligofectamine (Invitrogen) according to the manufacturer's instructions. Transfection was done in the absence of fetal bovine serum (FBS), which was replenished 4 hours after each transfection. Mock transfections were performed in an identical manner to siRNA transfections, except that siRNA was omitted. For rescue assays, U118 cells were first transfected with WT ARAP2, [R728K]ARAP2 or [K1190P]ARAP2 by incubating with a mixture of 4 g DNA and 12 l FuGENE6 reagent in the absence of FBS. After 2 hours, the cells were transfected with siRNA and, 4 hours later, the transfection medium was replenished with fresh medium containing FBS.
Immunoprecipitaion and immunoblotting
Transfected cells were harvested after 24-to 48-hour transfection, washed and lysed with 25 mM Tris pH 8.0, 25 mM NaCl, 1% Triton X-100, 10% glycerol and Complete TM protease inhibitor cocktail (Roche). The cell lysates were cleared by centrifugation at 10,000 g for 10 minutes at 4°C and incubated with anti-FLAG M2 gel (Sigma-Aldrich) overnight at 4°C. The beads were washed three times with lysis buffer and eluted with SDS-PAGE sample buffer and the bound proteins were analyzed by western blot with specific Abs and detected by SuperSignal ® West Dura Extended Duration Substrate (Pierce).
Purification of recombinant proteins
N-terminal Flag-tagged WT ARAP2 and [467-930]ARAP2 were overexpressed in HEK 293 cells by transient transfection. The cells were lysed and the overexpressed protein was immunoprecipitated with M2 anti-FLAG agarose affinity gel and eluted with Flag peptide (400 g/ml, Sigma-Aldrich). The eluted proteins were further purified through PIP Beads TM di-C6 PI(3,4,5)P3 phosphoinositide-coated agarose beads (Echelon, Salt Lake City, Utah). His-tagged proteins expressed in bacteria were purified by batch chromatography on Nichelate resin by standard methods.
Determination of nucleotide-dependent RhoA-ARAP2 binding
GST and GST-RhoA, expressed in BL21 cells, were extracted and purified on glutathione-Sepharose 4B gel (Amersham Bioscience, Piscataway, NJ). The immobilized GST fusion proteins were incubated for 30 minutes with the indicated nucleotide with lysates of cells expressing the indicated recombinant ARAP2 proteins. The beads were chilled, collected by centrifugation and washed three times with ice-cold lysis buffer. Proteins were eluted from the beads by boiling in SDS-PAGE sample buffer and detected by immunoblotting using the polyclonal anti-FLAG Ab.
Determination of in vivo RhoA-GTP, Rac1-GTP, Cdc42-GTP and Arf-GTP levels RhoA-GTP, Rac1-GTP and Cdc42-GTP levels in HEK 293 cells transiently expressing RhoA-AU5, Rac1-AU5, or Cdc42-AU5 with ARAP2 or p190RhoGAP were determined using GST fusion protein containing the RhoA-binding domain of Rhotekin or GST fusion protein containing the Rac1-and/or Cdc42-binding domain of PAK to capture the Rho family proteins complexed with GTP as described (Ren et al., 1999) . Arf•GTP was determined as described (Santy and Casanova, 2001; Yoon et al., 2005) in a similar way using GST-VHS-GAT GGA3 to capture Arf-GTP. Expression of recombinant p190RhoGAP, ARAP2, ASAP1 and ACAP1 was determined by immunoblotting samples of the cell lysates with polyclonal anti-FLAG Ab for ARAP2, ASAP1 and ACAP1 or polyclonal anti-HA for p190RhoGAP.
Immunofluorescence staining
Cultured cells were reseeded on fibronectin-coated coversplips for 4 hours and fixed using 2% formaldehyde in phosphate-buffered saline (PBS) and processed for immunofluorescence as described (Miura et al., 2002) . The cells were examined by confocal microscopy with a Zeiss Axiovert 200 M inverted microscope with a Zeiss LSM 510 NLO confocal system (Carl Zeiss MicroImaging, Thornweed, NY) operated at room temperature with fixed cells and a Plan-Apochromat oil immersion objective. Zeiss AIM software was used to sequentially collect FITC and Rhodamine signals with a BP 500-550 nm filter and a BP 565-615 nm filter after sequential excitation with the 488 nm and 543 nm laser lines. Adobe Illustrator was used to prepare the images for publication. Focal adhesions were quantified using Image-Pro Ver 5.12 (MediaCybernetics, MD). For this analysis, random images for each experimental group were collected with identical microscope settings. A typical focal adhesion was used to set threshold intensities for evaluating all images. Objects with a greater intensity than the threshold and an area greater than 1 m 2 were counted as focal adhesions.
Determination of cell spreading
U118 glioma cells transfected with a scrambled siRNA, ARAP2-targeted siRNA or an expression vector for recombinant ARAP2 were reseeded on fibronectin-coated slides, incubated for 10, 30, 60 and 240 minutes and fixed. To quantify the cell spreading, fluorescent images of 50 randomly selected cells were captured using 20ϫ1.4 NA objectives and surface areas were determined using Image-Pro ® Plus 5.1 software package (Media Cybernetics, LP).
Modeling and analysis of the RhoGAP domain structure
Computational studies were performed on a Silicon Graphics Octane 2 workstation, equipped with dual 360 MHz R12000 processors. The sequence of ARAP2 with primary accession number Q8WZ64 was obtained from GenBank. Only the mature sequences starting from residues 1116-1297 Rho-GAP domain were considered in deriving the homology model. A WUBLAST 2.0 (blast.wustl.edu/) search and the Unity module of Sybyl 6.9 (Tripos Associates Inc., St Louis, MO) were performed on the sequence. The Psipred protein structure prediction server was utilized for the secondary structure prediction (Godzik et al., 1992; McGuffin et al., 2000) . The crystal structure from p50rhoGAP starting from residues 234 to 431 (PDB ID:1AM4) with primary accession number Q07960 was chosen to build the human ARAP2 model structure. The sequence identity of templates with target was 27.43%. Comparative protein modeling was performed with the Composer module of Sybyl 6.9 (Tripos Assoc. Inc, St Louis MO). Energy minimizations and molecular dynamics were accomplished in the Discover module of InsightII 2000 (Accelrys Inc., San Diego, CA). The geometrical and local environmental consistencies of the model were evaluated with ProStat and Profiles-3D (Luthy et al., 1992) modules of InsightII 2000 and the MatchMaker module of Sybyl 6.9. The alignment and identification of the structurally conserved regions (SCRs) and structurally variable regions (SVRs) was carried out as described (Sabnis et al., 2003) . Coordinates for the SCRs were assigned from the template molecule. The coordinates of SVRs were obtained using the conformational search program GeneFold and MatchMaker modules in Sybyl 6.9. SVR loop regions were built using the protein loop search protocol (Jones and Thirup, 1986) as available in Composer. The model obtained was then refined by minimization using a similar protocol as described earlier (Sabnis et al., 2003) . The final total energy was -5125.146 kJ/mole. Minor adjustments of the human ARAP2 sequence alignment were made to ensure correct positioning of all conserved residues. Appropriate loop models were selected on the basis of acceptable stereochemical parameters (allowable phi and psi angles on a Ramachandran plot). The solvation model was used to implicitly introduce the effect of solvent (Stouten et al., 1993) . In the first stage, the Monte Carlo minimization method was used using random combinations of translational and rotational motions each followed by 2500 iterations of conjugate gradient minimization. During this stage a purely repulsive bonded quartic potential was used for modeling the van der Waals interactions while the coulombic interactions were set to zero. In the second stage, the structure was then subjected to molecular dynamics simulation for 5000 iterations of equilibration at 300K. The non-bonded interactions were calculated using a more refined cell-multipole method (Greengard and Rokhlin, 1987 ) with a distance dependent dielectric constant. Newton's equations of motion were integrated using the Verlet algorithm (Verlet, 1967) with a time step of 1 fsecond using NVT ensemble. Temperature was controlled via direct scaling of the atom velocity motion. Finally, the structures were judged complete when gradient steps of 0.001 kcal/mol/Å or less were reached in conjugate gradient minimization. Further validation of the structures is provided by analysis of the stereochemistry of the structure with the programs Procheck (Laskowski et al., 1992) . The visualization of spatial surface was performed through Connolly's program (designated as Connolly surfaces). All the figures were generated by the Pymol (www.pymol.org) program.
Miscellaneous
Statistical analyses were performed using GraphPad Prism for Windows version 4.0 (GraphPad, www.graphpad.com). RhoGAP activity was determined as described previously (Miura et al., 2002) with the exception that purified His-tagged (rather than GST-tagged) Rho-family proteins were used. ArfGAP activity was determined as described (Che et al., 2006) in a reaction containing 25 mM HEPES (pH 7.4), 100 mM NaCl, 1 mM GTP, 2 mM MgCl 2 , 1 mM dithiothreitol, Arf-[␣-
32 P]GTP, and lipid micelles consisting of 50 M phosphatidic acid, 10 M PtdIns(3,4)P 2 , and 100 nM PtdIns(3,4,5)P 3 with 0.1% (v/v) Triton X-100.
